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are to be used 1n separating a mass of purified volatile
solvent from a dilute solution of the solvent. They are
used in purification of chemicals, water pollution pre-
vention and water purification. The process comprises:

Contmuation-in-part of Ser. No. 516,460, Apr. 30,  (a) an in-situ formation of a smooth layer of solvent
1950, Pat. No. 5,059,228. solid on a freezing surface while agitating the solid-lig-
Int, CLS ...t nene, F25J 5/00  wd interface, (b) vaporization of an auxiliary medium to
US. CL oooeeeeeeeieeeeeeeaeaeneas 62/12; 62/123; generate a first vapor, (¢) in-situ washing of the surface
62/532 of the smooth solvent solid and (d) in-situ melting of
Field of Search ......cuoveeeeeennnnn.n... 62/12, 532, 123 purified solvent solid by condensing a mass of super-tri-
_ ple point solvent vapor. Several types of auxiliary medi-
References Cited ums to be used, methods of transforming the first vapor
U.S. PATENT DOCUMENTS into a mass of liquid and methods of upgrading heat and
4,236,382 12/1980 Cheng et al. «.ueeveeereereeann. 62/537 ~ Tegenerating the auxiliary mediums have been intro-
4,505,728 3/1985 Cheng et al. ..ovvvvvrrror 62/542  duced.
4,578,093 3/1986 Cheng et al. ...oooeuveenveeennn.e 62/532
4,650,507 3/1987 Cheng et al. cueevivercrecrnerrennne 62/12 58 Claims, 10 Drawing Sheets
;,.’II II”II””IIIIII””””"’."
1 23a 19 13 27 308 28 30c [
1254 /\ 20A| 258 30A 32A[298/ 328 [29C/ 3¢
#
#lo olc N R \
¢ $ O \
7 / 719771 |
- g \ g
< g \
g $
’ <| |<| |<(m
N N[ (N[N
<< 1T e
N TN NN T | l
2NN TN | | | P
¢ ! ¢
~ ¢
7 I \TTE
‘ \ ‘ U ’
1 l 2 & /11| & s / ¢
- < -
o6 [ota 24A 3A \ 314 Z-3B\31B Z-3C|9IC -
g 224 41B 7~ 4B z-4C [
’ ¢

15

\

NS L L T I s

-~ 16—



U.S. Patent Feb. 14, 1995 Sheet 1 of 10 5,388,414
5
= C{
(/)
O
o
3
®
O CUCJ ______
-
>
O
- ’
- DISTANCE, X —=
FIG. 1A FIG. 1B
RN '
ACTUAL f LIQUIDUS
% L ,
> -
— T — |
gﬁi . LIQUIDUS &f ) |
L T LT TacTUAL
LELJ =S |
— . _ -
- DISTANCE, X' —= DISTANCE, X —=
FIG. 1C | FIG. 1D
b T qunus
Lo ]
%
>
—
X T
R ACTUAL
0
=
{1}
'__

DISTANCE, X —=
FIG. 1E




‘.".r'l"l'""'l"""""""l:’la
o

S

N N, N U O N O N O O, " VO " e, . W W W, . s O T W S N,

5,388,414

0o ~—
-Il..ll.l.lllll!
lll..ll.l...llll.'.-

e e T T Th R T TR SRR SR A SRR TR R R S
“".""’I"""’l""""’"""’l-
<*
N\

Npa

N Y " e . . . . Y, W, L " W, . WV, O N O, N "W O S N U N .
i e e "

. “"""’l’l"’l’i""”'.'"l""’.'.l:
)
“

Sheet 2 of 10

II..I..IIIIIIT

/‘i’l."’l"'l"”l'lll""’l"’l-

. " * __.‘."”"""l"""”"""l”""'—
e L -

= Tg

s b e B e e e e o T TR R R R P
{l..'..l.,.'."'""l""l'.'"""l""".

w <

« Tt . e s e e e T R AR AT e T

o ‘l’i""’.'_.'."l'l’i."'ll"""""’a
>
~

e

O . . N Y . . N . N " . " . e O N " "V N . " V. " e, O " . W Y
» oo A L s e T T R e ———

1 3INOZ

Feb. 14, 1995

i e T T -
. . . . o s, . " . W . . . V. . "V . "W . PO . A, O "N, O, W, "V " W "N, . V. *
P —

I!lt .-'._-__‘.‘
o
o2

L e

“.""”'I”"Il"'l'l N Y V. O, V. . . . .

-
O

L N N . A O . . . . O o . O N W O O . S T, O . W R, W, .

FIG. 2A FIG. 2B FIG, 2C FIG. 2D FIG. 2E FIG. 2F FIG. 2G

U.S. Patent

P
NN N N NN NN S NN NS AN SA N NN NN
R

o LA

T S S S S NSNS NSNS

" T 1 S
< * o

-~ v

UNC N N N NN RO NN N N N N N N N N N NN N N
CF
<} N M)
\ Bt .
N M o
o~ |~ ] |

NS S S SN SOOI NS SIS SIS

T N

1

FIG. 3F FIG. 3G

FIG. 3B FIG. 3C FIG. 3D FIG. 3E

i A A AN . S ———————— i N R

FIG. 3A



U.S. Patent Feb. 14, 1995 Sheet 3 of 10 5,388,414

ALLIEEEEEEEELEE UL UL UL LU LR

O
NS
P’s

C
L

ll'

—3c\ 31C
—4C

28 3oc

328 [ 29C
7i’|

~ LS LSS L7

A

/—4B

16

)\l

/—-3B\ 31B Z

27  30B
i
&

~ [ S S S

.
N

31A

29 L—4A

I s S S S A s s T T T

P

30A 32A [ 29B
@
!]
/
Z—3A

0/14
24C —= V/
/

/‘
9C—~L

0] SuV4
JC—L

dl—7Z

~—V34
l'
FIG., 4

22C

23C  29A
0C
17

o
21C

18

DC—/7
NSNS S S S SSSSSSSNS NS

HC—Z
gl—/7

HC—/
gdl—/

Hé—7Z

208\ 25C
0 /‘
228

AADIOO
24B
15

13

20A\ 25B
I3

218

L L ~
20
258

S NS NS SSSSSSSSSSY
Vé—Z

o/¢

24A

Vi—7
VZ—~7
< V1—7 S| < \
i SRV T4
\\\\\\\\\\\'A\\\\\\\\\\\\\\\\\‘ AW

23A 19
DIOIOIO

-
R

<
O
QN



Sheet 4 of 10 5,388,414

Feb. 14, 1995

U.S. Patent

NAONNNAVANNNAVAN NNV ANV NN

G 9Ol
9l Gl
wﬂ\\\\ ‘ L\N\\\;\\_‘\\w\m‘\“‘\\\\w\\\\\\\h\kﬁw
qy —7
m WL gle vig| “A=—— g X -
7 oig | 0g~2 V ac—7 V Ve —Z i N/ 0 q/¢ V.G
g N \‘\ e = = o = =
-~ ~ \ NG 8G¢ VGE
g [ 1\R ’ .
g \ ’
“ \
- \ ,
- \ \
- \ \
I
z \ I\
g
- \ \
- \ \
- \ \
- .. \ N T TAT T/ 1/[EEEEEbNEEEE b E YWY
“ ) \ \ _
5 ww,m/ g 80¢ : VoS A, N
62 862
“omn q7e 6 7o E,qmw N9¢ 08¢ q9¢ mwm Vo V8C
g 9z L2 A .
S S

B\

¢l



Sheet 5 of 10 5,388,414

Feb. 14, 1995

U.S. Patent

—

LY

01+ 9 Ol

JLLLLL L) (Ll “\‘\‘h\\‘\“‘\.\‘\.\“‘\‘\\.\.‘\\
O ¢

¢ —
“ 4 A.E £~Z £TA TN A

\ gV H87 Gt V81
\ o “ ol|lol |o “_oo o
) ” /
i “

\ NN / NN N NN INE T IN NN
_G_G_G \_O O_O _8_8_8_\_V_V_V_
NN ] INUNE T i NN ] [N ] I IS

o| [O G“O o O @ @ |@ S“V > N 5 I
f/ f
/ /
‘ §

‘.““““““““
NN

DODODO:DODODO\
av
aos :9 oB o6+ 90N gig g, 808 VIS <om

l
e B

'\\\\\‘.\\\\\ N

\“‘\.\\\\“\~‘\.\.\‘\.‘.\.\.\‘\.\‘\.\‘.i‘\‘.“\‘\“
6¢



L "Ol3

5,388,414

"' *‘\-.---~.\~\‘\h ‘h\‘\‘\.\.\.“\‘\“~.-\~\.\i\i‘*\

N

[,

= /

I TR RO R 2 M 2
S / m m m /
“ SRR RERTA R B “

3 AR BB BB e Y B R NER I F R E R ERY Xres
2 “m S B R BB (R R (s s w“
: ANRARER: “ “ /
F “f@...bb..bl@.bmbow.ob,ofmbblbODWDNDWDWDWD“
14 \
/

y—7 _ '/
oINS, ([ L7/

/
r—

U.S. Patent



U.S. Patent

Feb. 14, 1995 Sheet 7 of 10 5,388,414

NAVANANA
P Sy
< DN
M) " I ""' Vi—Z |
0 L)
’ ol VI—Z <
" < | Bl ol Vi-Z ©
.‘ | V¥—7 < >

>
| O vyp—2 < <
l 3 3
O Yp—7
col Hy—/7
lg
0O gy —7 <
O O Oglo 08-Z0 O O

T |©O O 0OBIO 08-z0 O O] 4
> N |
s |

DOA
/1A

ole

698
< 7

T O~ W, " ., ", " N . . .

ol gl—Z
NS gl—7 © A

| ol 8¢-Z I/ ”
\\\“““" .



U.S. Patent Feb. 14, 1995 Sheet 8 of 10 5,388,414

- 19
ie -
= =

—Loa
—J0o3
Jos

N U B VAN SV N NANAND SN NANAY AN

ii < 4 ’ To
\ > ] r\'JI =
N
, e
m i e
s~ 2
&\\\\\\\\\\\\\‘\\\\\\\\‘\\\‘\\\\\\\V.
o4 C . O
A \NEES
H oS I \
<< @ -
\ & N
> € r-l % .
o s =F =
o 9O O C ® ~
ll: 0O S S R E T I I R SO R \“~
L= 2,
~ [o O ™~ o
3 e—Q =N
N EE ¥| 012 S
\ ¢ 027 ~3
.ﬂjca O o™ -
0 N\ N
II: WO A S L N T S S T T R S KIS O ‘ m
ol — ole, |
N M ™
m o —M -
. 2 gll C ™~ p gl—7Z F—— ! =
< 3] e o]~ &
[N~ 00 A OSSANTSSSSSSSSSSSSSSSSSSSNYY « .
"* R T—FCx < ~
N
~ < < > .
~ ﬁ rf[\') Vi—Z rug . -
‘ 8 N s
NEANANAANANA MANANA AN NN NANA R A B T

-
—1

S S
~ o



Sheet 9 of 10 5,388,414

Feb. 14, 1995

U.S. Patent

d01 '©Ol4
S S T S SN NS SIS NSNS N NSNS INSSUNNNNNS SN
40—7 —> I Y \ N1
M cg—z D96 66 A=Y RS—— A Qg J96 er—Z W 0¢6
0£6 n S—— N n
N wo-z 66 v6 L6 86  |N—Z ” 906
W, N . ] .! V._
886 R AN — ”
” yy—7 66 v6 L6 86  LWN—Z y .
VEE — _ rg, VG6 _ S
ﬂ l§—7 V96 _mm B A — /6 86 \P—7 m e
N\
HO—Z R S S ST
Z6 .
VOl "9\
77 OIS IIIIIIIIIIEIIIIIIIIIIIIIIIITI SIS
LW=Z 2 S S B 24 40~7
g6 m LN=Z 66 .....:i!B 86 4D —7 “
v“ 7p—7 €96 1m> 856 c8—~2 “ ace
1 In-z 66 6 /
ves " .
b — R S ¢
MW=L 7 T T T T T T I T I I 777777 7 777 777 7777~ 80~Z




Sheet 10 of 10 5,388,414

Feb. 14, 1995

U.S. Patent

e ”fffffff’ffﬂffffﬂffffﬂﬂﬁfffffffffffffffffﬂf e
ﬂ... * I_. | eg—7Z
= l— — I
Q T |+ er—7
m V6 LW~z
— ~_} or=Z
N | rap — .T | Sa=r +.......:...T..
g6 m r s —7 826
\V 4. 67
Ve6 ”ﬁ ...I.?,m>1.+| L -7 .T............T..
I
,fffd’fffffffffdrfd’fffﬁffffffffffffffffﬂff Ve
gLl "9l 6
Vil 'Ol
er n\\\\\\\\\\\\m\\\\\.\a\iﬂ\\\\\\\\\\\S\\\\\\\\ e
v,_ TI. — |+ —_— — &=L
/ T Jp CH—7 T T L _.I
m L6 26 4O—-Z 6
‘A . —_1zZ8-zZ
“,.,_,. "8 — 1~ =7 +I..i..“...l
afafe “ 56 IN=7 g4c6
7
ve6 T} VE6




5,388,414

1

HIGH PERFORMANCE IN-SITU
FREEZING-MELTING PROCESS

RELATED APPLICATION

This application is a continuation-in-part application
of Ser. No. 07/516,460, filed Apr. 30, 1990, now U.S.
Pat. No. 5,059,228.

BACKGROUND OF THE INVENTION
FIELD OF INVENTION

The processes and apparatuses of the present inven-
tion are to be used in separating a mass of purified vola-
tile solvent from a dilute solution of the solvent. Some
typical applications are as follows:

(1) Purification of Chemicals

The purity of a chemical often has a profound effect
on the quality of end products manufactured from it.
The functional property of polymers, the pharmacolog-
ical effect of drugs, the clarity and transmissibility of
optical fibers, the sensibility of analytical assays and the
rehability of semiconductor chips all depend on the
purity of the chemicals used. The process can be used
for separating purified major components from mix-
tures containing low levels of impurities. Therefore, the
process can be used for producing specialty and fine
chemicals and high purity bulk chemicals.

(2) Water Pollution Prevention

Many types of polluted water streams are dilute aque-
ous solutions which may contain dissolved and/or sus-
pended organic substances. The present process can be
used to recover purified water for reuse and produce a
mass of concentrated waste water to facilitate disposed
and/or value recovery. Examples are low level nuclear
waste waters, hospital waste waters, cooling tower
blow-down streams, contaminated ground water and

leachates, oil/water mixtures and organic chemicals
wastewater.

(3) Production of Good Quality Water

Water supplies in many parts of the world are con-
taminated. The present process can be used to produce
high quality water from these dilute contaminated

water streams. Good quality drinking water can be
produced by the present process.

BRIEF DESCRIPTION OF THE INVENTION

The High Performance In-Situ Freezing-Melting
Process of the present invention represents a major
breakthrough in the freeze concentration technology. It
has introduced many innovations to enhance the rates
of conducting the in-situ freezing operations and in-situ
melting operations; it has introduced new ways of pro-
viding heat interactions during the freezing and melting
operations and accomplishing heat upgrading; it has
introduced new apparatuses for conducting the freeze
concentration process. Because of these innovations,

(a) the product quality is improved,

(b) the operations are made reliable and are greatly

simplified,

(c) the operation cost and equipment cost are greatly

reduced.

‘The present process is to be used to produce purified
solvents from dilute aqueous and non-aqueous solutions.
The process comprises the following three primary
processing steps:

Step 1: In-situ Formation of a Smooth Layer of Solvent
Solid on a Solid Surface by Agitating the Interface.
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A dilute solution is frozen on a solid surface to form
a layer of solvent solid by removing heat from the
solution. The solution near the solvent solid-solu-
tion interface is well agitated to enhance transport
of solute away from the interface and maintain the
stability of the freezing front. The surface of the
solvent solid formed is either smooth or nearly
smooth. The heat removal is accomplished by use
of an auxiliary heat interaction medium that is sub-
jected to a phase change such as vaporization-con-
densation, desorption-absorption and melting-
solidification.

Step 2: In-Situ Washing of the Surface of the Smooth
Solvent Solid.

After a freezing step of forming a layer of smooth
solvent solid, a thin layer of mother liquor is re-
taimed on the solid surface. A small amount of pure
solvent is applied to the surface to wash the mother
liquor from the surface. This step may be incorpo-
rated with the third step of in-situ melting of the
solid. The liquid formed in the initial period of the
melting pertod may serve as the wash liquid.

Step 3: In-Situ Melting of the Purified Solvent Solid.

A mass of a super-triple point solvent vapor, a solvent
vapor whose pressure is somewhat higher than the
triple point pressure, is generated and brought into
contact with the purified solvent solid to thereby .
simultaneously condense the vapor and melt the
solhid.

An auxiliary heat interaction medium, also denoted as
an auxiliary medium, enters heat interaction to remove
heat of freezing in Step 1; a super-triple solvent is gener-
ated and 1s brought in direct contact with purified sol-
vent solid to melt the solid in Step 3. Some way of heat
upgrading 1s used so that the heat released in the freez-
ing step be utilized in the melting step.

When an aqueous solution of a proper composition is
used as the auxiliary medium, a sub-triple point vapor,
whose pressure is lower than the triple point pressure of
the medium is generated. The sub-triple point vapor
may be transformed into a liquid mass by a two step
process involving desublimation and desublimate melt-
ing operations by interacting with a refrigeration loop.
The sub-triple vapor may also be subjected to a temper-
ature lifting absorption operation so that the heat re-
leased in the absorption operation is utilized to generate
the super-triple point vapor, also referred to as the sec-
ond vapor, needed in Step 3. A low vapor pressure
auxiliary medium, such as ethanol, methanol, acetone
and propanol, may be used to remove the heat of freez-
Ing and generate the super-triple point vapor by inter-
acting with a refrigeration loop. A high vapor pressure
medium, such as a conventional refrigerant used in a
commercial refrigeration machine, may also be used as
the auxiliary medium. In this case, the vapor generated
can be compressed directly. A working medium that
freezes under a first pressure and a first temperature and
melts under a second pressure and a second temperature
may be used to upgrade the heat.

A unique heat upgrading heat transfer panel has been
introduced to conduct the primary steps. A heat up-
grading panel has two heat conductive walls providing
an inner surface and an outer surface. The outer surface
has a first region and a second region and these two
regions alternately serve as a cooling surface and a
heating surface to provide the cooling and heating
needed for Step 1 and Step 3 described.
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BRIEF DESCRIPTION OF PRIOR ART

The High Performance In-Situ Freezing-Melting
Process of the present invention incorporates some
features of the Programmed In-Situ Indirect Freezing
Process and the Vacuum Freezing Process. It further
incorporates innovations for enhancing rates of in-situ
freezing and melting, for enhancing interactions with an
auxiliary interaction medium, for effectively upgrading
heat, for simplifying operation, for simplifying con-
struction of the apparatuses used. Therefore, a review
of the Programmed In-Situ Indirect Freezing and the
Vacuum Freezing Processes is presented. The High
Performance In-Situ Freezing-Melting Process is based
on formation of a smooth layer of solvent solid, which
in turn depends on maintaining a stable solid-liquid
interface during the freezing step. A review of the Inter-
face Stability Theory based on “Constitutional Super-
cooling” is also presented.

- B. Chalmer and J. W. Rutter introduced the “Consti-
tutional Supercooling Theory” for predicting solid-lig-
uid interface stability in Canadian Journal of Physics,
Volume 31, p. 15, 1953. According to the theory, as a
solution 1s frozen by an indirect contact cooling, a so-
lute-rich layer is formed in front of the growing inter-
face. In this layer, the solute concentration is a maxi-
mum at the interface and decreases with increasing
distance from the interface. Now, with the aid of the
phase diagram, one can plot the equilibrium liquidus
temperature of the liquid as a function of distance from
the interface. The equilibrium liquidus temperature
increases with distance from the interface because the
lower the solute content, the higher the liquidus tem-
perature. To this diagram, one can superimpose the

4
was introduced by Chen-Yen Cheng and Sing-Wang
Cheng in the early 1970’s and studied by Chen-Yen
Cheng and his co-workers in University of Denver and
University of New Mexico. Some laboratory testing has

5 been done on aqueous and non-aqueous solutions. In
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actual temperature profile. When every point in front of 35

the interface is at a temperature above the liquidus tem-
perature, the growing solid-liquid interface is stable.
When liquid immediately in front of the interface is at
an actual temperature that is below its equilibrium liqui-
dus temperature, the liquid is supercooled. Chalmers
and coworkers termed this “constitutional supercool-
ing”; the word constitutional indicates that the super-
cooling arises from a change in composition, not tem-
perature. In other words, a constitutional supercooling
1s a supercooling induced by concentration distribution.
When a liquid film formed on a solid surface is sub-
Jected to a solid-liquid-vapor (S/L/V) multiple phase
transformation operation, the actual temperature gradi-

ent ahead of the crystal is negative, with the heat of

crystallization transferred through the solution and
removed by vaporization at the liquid-vapor interface.
Since the liquidus temperature profile is always posi-
tive, there is some degree of constitutional supercooling
established in the multiple phase transformation opera-
tion. There are, however, some stabilizing factors that
retard the onset of unstable growth that leads to devel-
opment of irregular growth. The stability factors are
related to nucleation of protuberance, which, in turn, is
related to the anisotropy of surface energy. In any case,
when the degree of constitutional supercooling exceeds
a certain himit the interface becomes nonsmooth such as
cellular or dendritic. By a proper agitation of the inter-
face liquid to enhance the transport of solute away from
the interface, and maintaining a proper freezing rate, the
interface stability can be maintained and a smooth sol-
vent solid can be formed.

The Programmed In-Situ Indirect Freezing Process,
also referred to as the Programmed Freezing Process,

45

>0

33

65

processing a dilute solution, the process comprises a
first step of feeding a mass of feed liquid into a small
conduit made of a heat conductive wall, a second step
of forming a smooth layer of solvent solid on the con-
duit wall, a third step of washing the interface and a
fourth step of in-situ melting the solvent solid. In the
second step, the liquid is agitated by an oscillatory
pumping operation and heat is removed through the
wall. In the fourth step, the solid is melted by transfer-
ring heat through the wall. The process has not been
developed into a commercial process. Several difficul-
ties have been encountered in conducting the cyclic
operations repeatedly. These are:

(1) The rate of in-situ melting is a slow process, be-
cause heat has to transfer through a layer of melt
before it reaches the melt interface;

(2) Any residual solid from Step 4 in a cycle interferes
the operation of the next cycle;

(3) A proper way of controlling degree of supercool-
ing has not been accomplished;

(4) A proper way of upgrading heat has not been
Incorporated.

It 1s noted that the innovations incorporated in the pro-
cess of the present invention have overcome all the
difficulties of the Programmed Freezing Process.

Referring to the processing of an aqueous solution by
any vacuum freezing process, the aqueous solution is
introduced into a chamber which is maintained at a
pressure that is somewhat lower than the vapor pres-
sure of the solution at the freezing temperature of the
solution to thereby simultaneously flash vaporize water
and form ice crystals. This operation is referred to as
S/L/V multiple phase transformation in a vacuum
freezing process. As the result of this operation, a low
pressure water vapor, referred to as a first vapor, and an
ice-mother liquor slurry, referred to as a first condensed
mass, are formed. In the case of sea water desalination,
this pressure is around 3.5 torr. The low pressure water
vapor formed has to be removed and transformed into a
condensed state; the ice crystals have to be separated
from the mother liquor; the resulting purified ice has to
be melted to yield fresh water. Furthermore, the heat
released in transforming the vapor into a condensed
state has to be utilized in supplying the heat needed in
melting the ice. The processes to be described utilize
different ways of vapor removal and different ways of
accomplishing the heat reuse.

Several vacuum freezing processes have been intro-
duced by workers in the desalination field. These pro-
cesses are (1) Vacuum Freezing Vapor Compression
(VEVC) Process, developed by Colt Industries, and
described in the Office of Saline Water, Research and
Development Report No. 295, (2) Vacuum Freezing
Vapor Absorption (VEVA) Process, developed by
Carrier Corporation, and described in the Office of
Saline Water, Research and Development Report No.
113, (3) Vacuum Freezing Ejector Absorption (VFEA)
Process, developed by Colt Industries, and described in
the Office of Saline Water, Research and Development
Report No. 744, (4) Vacuum Freezing Solid Condensa-
tion (VFSC) Process developed in the Catholic Univer-
sity of America, and described in the Office of Saline
Water, Research and Development Report No. 511, (5)
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Absorption Freezing Vapor Compression (AFVC) Pro-
cess, introduced by Concentration Specialists, Inc., and
described in the report submitted to the Office of Saline
Water, (6) Vacuoum Freezing High Pressure Ice Melting
(VFPIM), introduced by Chen-Yen Cheng and Sing-
Wang Cheng, and described in U.S. Pat. No. 4,236,382
and (7) Vacuum Freezing Multiple Phase Transforma-
tion Process, also introduced by Chen-Yen Cheng and

Simg-Wang Cheng and described in U.S. Pat. No.
4,505,728.

BRIEF DESCRIPTION OF THE DRAWINGS

A process of the present invention comprises three
primary processing steps, heat interaction with an auxil-
l1ary heat mteraction medium, heat upgrading and me-
dium regeneration steps.

Referring to processing of an agqueous solution, a
dilute feed solution is subjected to the three primary
processing steps in a primary processing zone (Zone 1).
The mass in the primary zone is referred to as the pri-
mary substance; the liquid in the primary zone is re-
ferred to as the primary liquid; the solid in the primary
zone 1s referred to as the primary solid. These steps are:
(a) agitated in-situ formation of a smooth layer of ice on
a solid surface, (b) in-situ washing of the surface of the
smooth layer of ice, and (c) in-situ melting of the puri-
fied smooth ice layer. A unique feature of the process is
that while Step 1 is conducted with either a direct
contact or an indirect contact heat transfer, Step 3 is
always conducted by bringing a super-triple water
vapor 1n contact with the smooth ice layer. In most
cases, an auxiliary heat interaction medium is subjected
to a phase change in an auxiliary zone (Zone 2) to form
a first vapor and thereby remove the heat of freezing
released in Zone 1 during Step 1.

The heat interaction between the primary substance
and the auxiliary medium may either be direct or indi-
rect. When the interaction is direct, the auxiliary me-
dium is a part of the water in the feed. When the interac-
tion 1s indirect, the auxiliary medium may be an aqueous
solution having a proper freezing temperature range, a
low vapor pressure medium such as ethanol, propanol,
acetone and methanol, or a high vapor pressure medium
such as a conventional refrigerant used in a commercial
refrigeration machine. Depending on the auxiliary me-
dium used, a proper way of upgrading heat is used to
upgrade the heat and regenerate the medium. The up-
graded heat is utilized in generating a mass of super-tri-
ple point vapor whose pressure is higher than the triple
point pressure of the medium. This vapor is also re-
ferred to as a second vapor. As has been stated, the
super-triple point vapor is brought in contact with the
purified smooth ice layer to thereby simultaneously
melt the ice and condense the vapor. The processing
steps used in processing a dilute non-aqueous solution
are similar to those described.

Processing systems of the present inventions can be
classified into several classes depending on whether the
heat interaction is direct or indirect, the auxiliary heat
interaction medium used is the solvent itself, a solution
of a low volatility solute in the solvent, a low vapor
pressure medium, or a high vapor pressure medium, and
methods of upgrading heat and regenerating the medi-
ums.

FIGS. 1 (g-e) illustrates the “Constitutional Super-
cooling Theory” of predicting the interfacial stability
that was introduced by B. Chalmer and J. W. Rutter in
1953.
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FIGS. 2 (a-g) illustrates the progress of the three
primary steps, where the interaction between the pri-
mary zone and the auxiliary zone is indirect. It shows
that a smooth layer of ice is grown on the surface of a
wall from a flowing film of the primary fluid when heat
1s removed through the wall. The smooth ice layer is
then washed in-situ (Step 2) and then melted by bring-
ing a super-triple point vapor in contact with the puri-
fied ice layer (Step 3). FIGS. 3 (a-g) illustrates similar
operation by which a smooth ice layer is formed on a
solid surface from a flowing film of the primary fluid
when the fluid is subjected to a vacuum freezing opera-
tion. A portion of the water is flash vaporized under a
sub-triple point pressure to remove the latent heat re-
leased in the freezing operation. |

F1G. 4 1lustrates a Class 1 system in which a solution
of a non-volatile solute having the freezing point prop-
erly adjusted, denoted either as an FPA medium or
simply as a B-solution, is used as the auxiliary medium.
The first vapor generated is a sub-triple point vapor,
which 1s liquified by a desublimation and a desublimate
melting operation utilizing a refrigeration loop. A su-
per-triple point vapor is generated by using the refriger-
ation loop. Due to the vaporization of water from the
B-solution, the solution becomes concentrated. Water is
added to the concentrated B-solution and is then recy-

cled.

FIG. S illustrates a Class 2 system, in which an aque-
ous feed solution 1s flash vaporized to form a first vapor
directly. Other operations are similar to those of the
Class 1 system described.

FIG. 6 illustrates a Class 3 system in which a low
vapor pressure substance 1s used as the auxiliary me-
dium. The medium used may be a pure substance or a
mixture of substances. In treating an aqueous solution,
some common substances to use are ethanol, methanol,
propanol and acetone and aqueous solutions containing
volatile solutes such as a water-ethanol mixture. In
treating a non-aqueous solution, one may use pure vola-
tile substances or solutions containing the solvent and
one or more volatile solutions. It is noted that by adding
one or more volatile solutes to the solvent, the first
vapor can be transformed into a liquid mass by a simple
condensation operation. The first vapor is subjected to
a simple condensation and the second vapor is gener-
ated by using a refrigeration loop.

FIG. 7 illustrates a Class 4 system in which a high
vapor pressure substance, such as a commercial refrig-
erant, 1s used as the auxiliary medium. In this system,
the first vapor 1s directly compressed and the com-
pressed refrigerant vapor is condensed to generate the
second vapor used in Step 3.

FI1G. 8 illustrates a Class 5 system in which an aque-
ous solution containing a non-volatile solute is used as
the auxiliary medium and a solid-liquid type heat up-
grading medium is used to liquefy the first vapor and
generate the second vapor.

FIG. 9 dlustrates a Class 6 system in which an aque-
ous solution containing a low volatility solute is used as
the auxiliary medium, and the first vapor is subjected to
a temperature lifting absorption operation to thereby
generate the second vapor needed in the Step 3 opera-
tion.

FI1GS. 10A, 10B, and FIGS. 11A, 11B respectively
illustrate a Class 6A system and a Class 6B system. The
operations in these two systems are similar to those of
the Class 6 system. Special heat upgrading heat transfer
panels, referred to as HUHT panels, are used in these
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two systems. A heat upgrading heat transfer panel com-
prises two metal sheets forming an enclosure. The outer
surface is divided into two regions. The two regions are
alternately used as a cooling zone for conducting Step 1
and as a heating zone for conducting Step 3. The two
types differ in how the two regions are provided.

PREFERRED EMBODIMENTS OF THE
INVENTION

The High Performance In-Situ Freezing-Melting
Process of the present invention represents a major
breakthrough in the freeze concentration technology. It
has introduced many innovations to enhance the rates
of conducting the in-situ freezing operations and in-situ
melting operations; it has introduced new ways of pro-
viding heat interactions during the freezing and melting
operations and accomplishing heat upgrading; it has
introduced new apparatuses for conducting the freeze
concentration process.

Table 1 summarizes processing systems of the present
invention. Referring to processing of a dilute aqueous
solution, the feed mixture is processed in a primary
processing zone and is subjected to the following three
primary processing steps:

Step 1: The feed solution is subjected to a freezing

operation while the liquid, referred to as primary
liquid, near the solid/liquid interface is agitated to
thereby form a smooth or nearly smooth layer of
ice on a solid surface;

Step 2: The interface of the solid-liquid interface is
washed to remove mother liquor from the surface
of the ice layer:

Step 3: A stream of super-triple point vapor whose
pressure 1s higher than the triple point pressure of
water is brought in contact with the purified ice
layer to simultaneously condense the vapor and
melt the ice layer successively from the outer sur-
face toward the solid surface.

The liquid and solid in the primary processing zone are
collectively referred to as the primary substance; the
liquid in the zone is referred to as the primary liquid; the
solid 1n the zone is referred to as the primary solid.

TABLE 1

Summary of the Processing Steps of the High
Performance In-Situ Freezing-Melting Processes

Primary Heat Upgrading
Processing Heat and
Steps Interaction Medium Regeneration
Step 1 Indirect Contact
Agitated In-Situ (a) Generation of (a) Two Stage
Freezing of a a Sub-Triple Liquefaction
Smooth Layer Point Medium with a refriger-
of Ice on a Vapor ation loop
Supporting (b) Generation of (b) Simple Conden-
Solid Surface a Low Vapor sation with a
Pressure refrigeration
Medium Vapor loop
(c) Generation of (c¢) Direct Compression
a High Vapor followed by Simple
Pressure condensation
Medium Vapor (d) Solid-Liquid Phase
Direct Contact Transformations
(a) Generation of (¢) Temperature
a Sub-Triple Lifting
Point Medium Absorption
Vapor
Step 2
In-Situ Washing Not Substantial Not Substantial
of the Surface

of the Smooth
Layer of Ice
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TABLE 1-continued

Summary of the Processing Steps of the High
Performance In-Situ Freezing-Melting Processes

Primary Heat Upgrading
Processing Heat and

Steps Interaction Medium Regeneration
Step 3

In-Situ Melting Direct Contact Generation of a Super-
of the Purified Condensation of a Triple Point Vapor
Smooth Ice Super-Triple Point

Layer Vapor

An auxiliary heat interaction medium is used and is
vaporized to form a first vapor to remove heat from the
primary substance. The auxiliary medium may enter a
direct contact heat interaction or an indirect contact
heat interaction with the primary substance. In the di-
rect case, a part of the primary liquid serves as the
auxiliary medium. In the indirect case, one may use (a)
a freezing point adjusted agueous solution, denoted
either as an FPA medium or as a B-solution, (b) a low
vapor pressure liquid, or (c) a high vapor pressure liquid
as the auxiliary medium.

In the direct case, the first vapor generated is a sub-
triple point vapor which forms a mass of desublimate
(ice) upon cooling without a substantial pressurization.
The sub-triple point vapor can be transformed into a
liquid mass by the two stage operation described in U.S.
Pat. Nos. 4,420,318 and 4,505,728. The two stage lique-
faction operation comprises a constant pressure desubli-
mation step and a desublimate melting step. A refrigera-
tion loop is used to accomplish the two stage liquefac-
tion operation and the heat released in condensing the
refrigerant is utilized to generate a super-triple point
vapor that is used in Step 3. The sub-triple point vapor
can also be subjected to a temperature lifting absorption
operation utilizing a concentrated aqueous solution
containing CaCly, LiBr and LiCl so that the absorbing
temperature 1s higher than the triple point temperature
of water by a sufficient margin such that the heat re-
leased in the absorption step is utilized to generate a
super-triple point water vapor.

An FPA solution is an aqueous solution containing
one or more low volatility solutes, such as NaCl, CaCl,,
LiCl and LiBr, such that its freezing temperature is
lower than the freezing temperature of the feed by a
sufficient margin so that it can be vaporized to remove
heat of freezing the primary liquid without freezing
itself. For example, the freezing points of aqueous
CaCl; solutions containing 4.7%, 5.8%, 7.0%, 8.1%,
9.2% and 10.4% CaCl; are —2.2° C., —2.8° C,, —=3.2°
C., —4.1° C, —4.8° C. and —5.9° C., respectively.
Therefore, in conducting the first primary step of freez-
ing a feed containing 2500 ppm NaCl (freezing tem-
perature= —0.145" C.), one may use an FPA solution
containing 4.7% to 10.4% CaCl; and vaporize the FPA
solution in the temperature range of —2.2° C.to —3° C.
to generate a first vapor in the pressure range of 3 to 3.8
torrs. The first vapor generated is also a sub-triple point
vapor and can be transformed to a liquid mass by either
the two stage liquefaction or the temperature lifting
absorption operation described in connection with the
direct contact case. A stream of super-triple point vapor
can also be generated by the ways described. It is noted
that phase diagrams of CaCl,—H>0 system and Li-
Br—H>O system are available in the following refer-
Cnees:
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(1) “Calcium Chloride Properties and Forms Hand-
book”, published by Dow Chemical Company,
USA, 2020 Willard H. Dow Center, Midland,
Michigan 48674.

(2) “ASHRAE Handbook Fundamentals”, published
by American Society of Heating, Refrigerating and
Air Conditioning Engineers.

A low vapor pressure medium is defined to be a sub-
stance that 1s used to remove heat of freezing in Step 1
to generate a first vapor whose pressure is so low that it
cannot be compressed directly in a practical way. The
first vapor can however be transformed into a liquid
mass by a simple condensation operation involving a
refrigeration loop. One may set the upper limit for the
vapor pressure of low vapor pressure medium at around
100 torrs. Examples of some low vapor pressure medi-
ums are ethanol, propanol, methanol and acetone.
When a low vapor pressure substance is used as the
auxiliary medium, the second vapor needed in Step 3
can be generated by utilizing the condensing heat of the
refrigeration loop.

A high vapor pressure medium is defined to be a
substance that 1s used to remove heat of freezing in Step
1 to generate a first vapor that is of such a pressure that
1t can be directly compressed to a pressure under which
the vapor can be condensed to generate a second vapor
which is a super-triple point vapor to be used in Step 3.
In this case, there is no need for a separate refrigeration
loop. Examples of high vapor pressure mediums are
refrigerants used in commercial refrigeration machines,
such as Freons, ammonia, etc.

Melting temperature of a substance varies as the ap-
plied pressure is varied. For example, the melting point
of water is lowered by about 1° C. as the applied pres-
sure 1s increased by 90-100 atmospheres, and the melt-
ing point of an organic substance increases by about 1°
C. as the applied pressure is increased by 50 atmo-
spheres. For example, the melting temperature of tri-
decane 1s —35.5° C. under the ambient pressure and is
raised to 1° C. under 300 atmospheres. A medium that
melts under a first temperature that is lower than the
temperature of Step 1, say —2° C., and a first pressure,
say lower than the ambient pressure, and freezes under
a second temperature that is higher than the tempera-
~ ture of Step 3, say 2° C., under a second pressure, say
200 atm may be used to condense or desublime the first
vapor, upgrade the heat, and generate the second vapor.

A dilute non-aqueous solution can be treated in a
similar way. Modifications to the processing steps are
obvious to one skilled in the art. In a direct contact case
and in case that a FPA medium is used as the auxiliary
medium, the first vapors generated are sub-triple point
vapors of the solvent of the feed being processed. In any
case, the second vapor is a super-triple point vapor of
the solvent. When a low vapor pressure medium or a
high vapor pressure medium is used, the operational
steps are very close to those of the agqueous solution
case.

One of the unique features of the present invention is
the combination of the in-situ formation of smooth de-
posit in Step 1 and the in-situ melting of purified smooth
layer of solvent solid by a super-triple vapor in Step 3.
The key to forming a smooth layer of solvent solid is to
maintain a stable solid-liquid interface during the freez-
ing operation. The interface stability is attained by (a) a
proper agitation of the primary liquid near the solid-lig-
uid interface and (b) a proper control of the freezing
rate throughout the entire freezing front.
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B. Chalmer and J. W. Rutter introduced the “Consti-
tutional Supercooling Theory” for predicting solid-lig-
uid interface stability in Canadian Journal of Physics,
Volume 31, p. 15, 1953. According to the theory and
referring to FIG. 1), as a solution is frozen by an indi-
rect contact cooling, a solute-rich layer is formed in
front of the growing interface. In this layer, the solute
concentration 1s a maximum Cr* at the interface and
decreases with increasing distance from the interface.
Now, with the aid of the phase diagram, illustrated by
FIG. 1a, one can plot the equilibrium liquidus tempera-
ture of the liquid as a function of distance from the
interface. The equilibrium liquidus temperature in-
creases with distance from the interface because the
lower the solute content, the higher the liquidus tem-
perature. The profile of the liquidus temperature is
shown in FIG. 1¢, 1d and 1e. To this diagram, one can
superimpose the actual temperature profile. Referring
to FI1G. 1¢, when every point 1n front of the interface is
at a temperature above the liquidus temperature, the
growing solid-liquid interface is stable. Referring to
FI1G. 1d, when liquid immediately in front of the inter-
face 1s at an actual temperature that is below its equilib-
rium liquidus temperature, the liquid is supercooled.
Chalmers and coworkers termed this “constitutional
supercooling”; the word constitutional indicates that
the supercooling arises from a change in composition,
not temperature. In other words, a constitutional super-
cooling 1s a supercooling induced by concentration
distribution. FIG. 1e, iilustrates the actual temperature
profile and the equilibrium liquidus temperature profile
when a liquid film formed on a solid surface is subjected
to a vacuum freezing operation. A vacuum freezing
operation is a solid-liquid-vapor three phase transforma-
tion operation in which solidification of liquid and va-
porization of liquid take place simultaneously across a
flowing hiquid film. It shows that the actual temperature
gradient ahead of the crystal is negative because the
heat of crystallization released at the solid-liquid inter-
face 1s transmitted through the liquid film and is re-
moved by vaporization at the liqmd-vapor interface.
Since the equilibrium liquidus temperature profile is
always positive, there is some degree of constitutional
supercooling established in the S/L/V multiple phase
transformation operation. Therefore, it can be stated
that the solid-liquid interface formed in a direct contact
freezing operation is by nature less stable than the inter-
face formed in an indirect contact freezing operation.
There are, however, some stabilizing factors that retard
the onset of unstable growth that leads to development
of irregular growth. The stability factors are related to
nucleation of protuberance, which in turn is related to
the anisotropy of surface energy. In any case, when the
degree of constitutional supercooling exceeds a certain
limit the interface becomes non-smooth such as cellular
or dendritic. By a proper agitation of the interface liquid
to enhance the transport of solute away from the inter-
face, and maintaining a proper freezing rate, the inter-
face stability can be maintained and a smooth solvent
solid can be formed.

FIG. 2 illustrates the progress of the three primary
steps when the heat interaction between the primary
zone and the auxiliary zone is indirect. FIG. 2g illus-
trates a processing zone comprising a set of heat con-
ductive walls 1, separating a primary zone 2 from an
auxiliary zone 3. In initiating a first primary step (Step
1), a feed solution 4 is applied to the outside of the walls
and a stream of an auxihary medium $ is applied to the
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inner surfaces of the walls. Heat transfer from the pri-
mary zone to the auxiliary zone takes place to result in
formation of a smooth layer of solvent solid 6. It is
shown that a thin layer 4 of primary liquid flows over
the solid-liquid interface that constitutes the freezing
front. The liquid near the freezing front is well agitated
due to the flow of primary liquid forming the thin film.
FIGS. 2b, 2¢ and 2d illustrate the progress of the in-situ
freezing step. It is seen that the thickness of the smooth
layer 6 of solvent solid increases. Even though the solid
phase is substantially pure solvent, there is a thin layer
of mother liquor retained on the surface. The impurity
in the mother liquor phase will enter into the product.
Therefore, in order to produce a high purity product,
the mother liquid phase has to be separated from the
smooth layer of solid. FIG. 2e shows that a mass of pure
solvent 7 1s applied on the outer surface of the smooth
solid layer to thereby produce a purified smooth layer
of solvent solid. FIGS. 2f'and 2g illustrate the progress
of the in-situ crystal melting step. The figures show that
a stream of super-triple point solvent vapor 8 is brought
in contact with the purified solid to simultaneously
condense the vapor and melt the solvent solid to form a
product liquid 9. It is seen that the solid is melted from
outside toward the supporting solid wall. The solid to
' be melted remain held to the supporting solid wall. In
this way, the solid is melted layer by layer in an orderly
manner to give a reliable operation. FIG. 2g illustrates
the end of the in-situ melting operation. It shows that
the solid has been melted nearly completely. Then, the
operations of the next cycle is initiated. As has been
described, one of the unique features is the combination
of (a) formation of a smooth solvent layer in Step 1 and
(b) orderly melting of the purified solvent solid layer by
bringing a stream of super-triple point vapor in contact
with the purified solvent solid.

An auxiliary medium is heated in Step 1 to remove
the latent heat of freezing that is released in the primary
zone. In most cases, an auxiliary medium is vaporized to
form a first vapor. In some cases, one may use an S/L
medium that undergoes melting under a first tempera-
ture and a first pressure; in other cases, one may circu-
late an auxiliary medium that is simply heated without a
phase change.

FIG. 3 illustrates the progress of the three primary
steps when the heat interaction between the primary
substance and the auxiliary medium is direct. In this
case, a part of the feed is vaporized to form a first vapor
and thereby remove the latent heat of freezing from the
primary zone. The system illustrated by FIG. 3a com-
prises a vertical wall 10 with two surfaces and a means
11 for applying thin liquid films 12 on the outer surfaces
of the wall. When the system is subjected to a low pres-
sure which is lower than the vapor pressure of the pri-
mary liquid at its freezing temperature, simultaneous
vaporization and freezing take place, resulting in the
formation of a first vapor 13, and a layer of solvent solid
14. It 1s seen that the primary liquid near the solid-liquid
interface is well agitated due to the flow of the thin
liquid film. Under a proper operating condition, the
sohd formed is smooth or nearly smooth. FIGS. 35, 3c
and 3d show the progress of the in-situ freezing step
whereln the thickness of the layer 14 increases. FIG. 3¢
illustrates the in-situ washing of the solvent solid layer;
FIGS. 3f and 3g illustrate the progress of the in-situ
melting steps. The operations of these steps are similar
to those of the system illustrated by FIG. 2. It is noted
that in the system of FIG. 3, a part of the feed is used as
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the auxiliary medium, and the primary zone and the
auxiliary zone are directly connected without a separat-
ing wall between them.

It has been described that the first primary step of a
process of the present invention can either be (a) a di-
rect contact in-situ freezing operation or (b) an indirect
contact in-situ freezing operation. These two types of
operations are compared as follows:

(a) Separating Wall and Heat Transfer Resistance.

In an indirect contact operation, there is a heat con-
ducting wall separating the primary zone from the aux-
ihary zone, and the heat released in the freezing opera-
tion passes through the layer of the solid phase that has
been formed. In a direct contact operation, the primary
zone is connected directly to the auxiliary zone. The
heat released in the freezing operation passes through
the thin liquid film. Therefore, the heat transfer resis-
tance 1s considerably less in the direct operation. How-
ever, in an indirect operation, pressure differences be-
tween the primary zone and the auxiliary zone is so
small that a relatively inexpensive heat conductive wall
can be used. Therefore, it is not expensive to provide a
large freezing surface and the issue of the added heat
transfer resistance is not a major disadvantage for the
indirect operation.

(b) Feed Composition and Product Quality.

It has been described that the interface of the freezing
front tends to be less stable in a direct operation com-
pared with an indirect operation. Therefore, an indirect
operation can handle a more concentrated feed and the
product quality is better.

(c) Choice of Auxiliary Mediums.

As has been described, various auxiliary mediums can
be used in an indirect contact operation and the first
vapor generated in many cases can be liquefied by a
stimple condensation operation. In contrast, in a direct
operation, the auxiliary medium is a part of the feed
liquid, and the first vapor generated is a sub-triple point
vapor which can be liquefied by a more complicated
operation, such as a two-stage liquefaction involving (a)
desublimation and (b) desublimate melting or a tempera-
ture lifting first vapor absorption.

(d) Control.

In an indirect operation, a layer of solvent solid is
formed only on the cooled surface. Therefore, it is easy
to control the in-situ freezing operation. In a direct
operation, a mass of solvent solid is formed from a mass
of liquid whenever the liquid is exposed to the low
pressure.

In summary, 1t is emphasized that the indirect in-situ
freezing operations have many technological advan-
tages mm solvent purification and poliution prevention
applications.

Processing systems of the present invention can be
classified into several classes depending on whether the
heat interaction between the primary substance and the
auxiliary medium is direct or indirect, the auxiliary
medium used, methods of upgrading heat and regenera-
tion of the mediums.

FIG. 4 illustrates a Class 1 system in which a solution
containing the solvent and one or more non-volatile
solutes having a proper freezing temperature, denoted
as a B-solution, is used as the auxiliary medium. This
type of medium 1s referred to as a freezing point ad-
justed auxiliary medium and is also referred to simply as
an FPA auxiliary medium or an FPA medium. The
FPA medium is flash vaporized in the auxiliary zone at
a temperature lower than the freezing temperature in
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the primary zone to generate a first vapor without freez-
ing itself. The first vapor generated is a sub-triple point
vapor and 1s subjected to a two stage liquefaction opera-
tion involving (a) desublimation and (b) desublimate
melting operations. The system comprises an enclosure
13, a main partition 14, a first processing zone 15 to the
left of the main partition, a second processing zone 16 to
the right of the main partition, a first vapor passage 17
for transferring the first vapor from the first processing
zone to the second processing zone and a second vapor
passage 18 for transferring the second vapor from the
second processing zone to the first processing zone.

The first processing zone 15 is divided by partitioning
walls 19 and 20 into three sub-processing zones referred
to respectively as A, B, C sub-processing zones. Each of
these sub-processing zones are further divided by con-
ducting walls 20A. into primary sub-zones 214, 21B and
21C and auxiliary sub-zones 22A, 22B and 22C. Feed
solution is introduced into each primary sub-zone
through feeding nozzles 23a, 236 and 23c¢, and excess
primary liquid is discharged through openings 24a, 245
and 24¢. An auxihary medium is introduced into auxil-
lary sub-zones through feeding nozzles 254, 2556 and 25¢
and 1s collected at the bottom 26 of the first processing
zone. There are vapor valves 204, 20B, 20C for Z-1A,
Z-1B and Z-1C.

The second processing zone 16 is divided by parti-
tioning walls 27, 28 into three sub-processing zones
referred to as A, B, C sub-processing zones. Each of
these sub-zones contain a vapor processing zone Z-3A,
29a, Z-3B, 295 and Z-3C, 29c¢ and a refrigeration zone
Z-4A, 30a, Z-4B, 30b and Z-4C, 30c, a set of first vapor
valves, 31a, 310 and 31¢, and a set of second vapor
valves 32aq, 32b and 32c.

The operations in these sub-zones are properly stag-
gered and the primary processing steps are similar to
those described by referring to FIG. 2. Under the con-
dition illustrated in FIG. 4, in-situ freezing takes place
in the first and second primary sub-zones 21a and 215
and first vapor is generated in the first and second auxil-
lary sub-zones 22z and 22b. The first vapor passes
through the first vapor passage 17 and is desublimed in
the first and second vapor handling sub-zones 29z and
29b in the second processing zone. The solvent solid
made in the third primary sub-zone 21c, is washed and

the valve means is open. The second vapor is generated -

in the third vapor handling sub-zone 29C and the sec-
ond vapor passes through the valving means 32C,
through the second vapor passage 18 and valve 20C to
enter the third primary zone 21C to thereby melt the
purified solvent solid therein. A refrigeration loop is
used to desublime the first vapor and generate the sec-
ond vapor.

FIG. 5 illustrates a Class 2 system in which the inter-
action between the primary substance and the auxiliary
medium is direct and a part of the feed solution is used
as the auxiliary medium. The first vapor is generated by
flash vaporizing the feed. The first vapor, being a sub-
triple point vapor is subjected to a two stage liquefac-
tion operation involving (a) desublimation and (b)
~ desublimate melting operations. The construction and
operation of this system are similar to those described
for the Class 1 system of FIG. 4 except for the following
changes:

(@) The first processing zone 15 is divided by parti-
tions 33 and 34 into three sub-zones. Each sub-zone
1s provided with a set of vertical walls 35a, 356 and
35¢ and nozzles 36a, 365 and 36¢ for forming thin
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liquid films on the surfaces of the vertical walls.
The primary steps conducted in each sub-zones are
similar to those described in connection with FIG.
3.

(b) There are first vapor valves 37a, 376 and 37¢ and
second vapor valves 38a, 386 and 38c in these sub-
zones. While the first primary step is in progress in
a sub-zone, 1its first vapor valve is open and its
second vapor valve 1s closed; when the third pri-
rary step 1s Iin progress in a sub-zone, its first vapor
valve 1s closed and its second vapor valve is open.

FIG. 6 illustrates a Class 3 system. In this system, the
heat interaction between the primary substance and the
auxiliary medium is indirect and a low vapor pressure
substance is used as the auxiliary medium. The medium
may be a pure substance or a mixture. A convenient
mixture to use is a solution containing the solvent of the
feed and one or more volatile solute. By adding a vola-
tile solute, the first vapor generated can be transformed
into a liquid mass by a simple condensation operation.
Common substances to be used as the auxiliary mediums
or as solutes to be used in mixtures are ethanol, metha-
nol, propanol and acetone.

The system comprises an enclosure 39, a main pro-
cessing zone 40 that is the middle zone in the vertical
direction, a first-vapor condensing zone 41 and a second
vapor generation zone 42. Since the first vapor is a low
pressure vapor, it cannot be conveniently compressed.
Therefore, a refrigeration loop is used to condense the
first vapor, upgrade heat and generate the second va-
por. A refrigeration loop 51 works between a first coil
43 and a second coil 4 to remove heat from a first
vapor and thereby condense the first vapor around the
first coil 43. The refrigerant vapor is compressed and
the compressed vapor is condensed to supply heat to a
mass of solvent to thereby generate a stream of second
vapor in the second coil 44. The main processing zone
1s divided by vertical partitions 45, 46, 47 into four
sub-zones and each sub-zone is further divided by verti-
cal heat conductive walls 48a, 48b, 48¢ and 484 into
primary sub-zones, Z-1A 49a, Z-1B 495, Z-1C 49¢, and
Z-1D 494, and auxiliary sub-zones, Z-2A 50q, Z-2B 5005,
Z-2C 30c and Z-2D 50d. The operations conducted in
these sub-zones are similar to those described for a Class
1 system except that the auxiliary medium is a low
vapor pressure medium that can be transformed into a
liquid mass by a simple condensation operation. There
are vapor valves 51A, 51B, 51C, 51D for Z-1A, Z-1B,
Z-1C and Z-1D.

The condition illustrated by FIG. 6 shows that the
first primary step is in progress in the first, second and
fourth primary sub-zones to generate the first vapor and
the third primary step is in progress in the third primary
sub-zone. The operations conducted in these sub-zones
are similar to those described in connection with FIG.
2. The first vapor generated is condensed on the first
coll to vaporize a refrigerant; the refrigerant vapor is
compressed by a compressor 51 and the compressed
refrigerant vapor is condensed in the second coil to
vaporize a mass of the solvent to generate a stream of
second vapor. The second vapor is brought in contact
with the purified solvent solid in the third primary sub-
zone to melt the solvent solid. The vapor valves 51A,
S1B, 51D are closed and the vapor valve 51C is open.

FIG. 7 1llustrates a Class 4 system. This system is very
similar to Class 3 system illustrated by FIG. 6. The
differences between the two systems are as follows:
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(a) A high vapor pressure substance, such as a refrig-
erant used in a commercial refrigeration machine is
used as the auxiliary medium;

(b) The first vapor generated is directly compressed
by a compressor 52. Therefore, the first coil is not
needed;

(c) The compressed medium vapor is condensed in
the second coil to generate a stream of the second
vapor, which is used to melt the solvent solid:

(d) The medium liquid is depressurized through a
throttle valve 522 and returned to the bottom of the
vessel and the low pressure medium is introduced
into the auxiliary sub-zones by a refrigerant pump
52b.

FIG. 8 illustrates a Class 5§ system, in which a me-
dium, referred to as an S/L medium, that undergoes
melting under a first pressure and a first temperature
and solidify under a second pressure and a second tem-
perature 1s utilized to remove the heat released in the
in-situ freezing step conducted in the primary zone and
supply the heat needed in the in-situ melting step con-
ducted in the primary zone. The first temperature is
lower than the temperature of the in-situ freezing step;
the second temperature is higher than the temperature
of the in-situ melting step. The melting temperature of a
substance varies with the applied pressure. For most
substances, the melting points are raised by about 1° C.
as the applied pressure is raised by 50 atmospheres. In
case of water, the melting temperature is lowered by 1°
C. as the applied pressure is increased by 100 atmo-
spheres. This shifting in melting temperatures due to
change i applied pressure is utilized in upgrading the
heat energy. Tridecane has a melting temperature of
—3.5" C. under atmospheric pressure and has a melting
temperature of 2° C. under about 375 atmosphere.
Therefore, it can absorb the heat released in the first
primary step under a low pressure and supply the heat
needed in the third primary step under a high pressure.

The system of FIG. 8 comprises a vertical enclosure
53, a main processing zone 53q, first vapor passages 54¢,
54b, and second vapor passages 55a, 555. There are two
main processing sub-zones 56, 57 and two (S/L) me-
dium sub-zones §8, 59. Each of the two main processing
sub-zones has primary processing sub-zones Z-1A 60
and Z-1B 61, and auxiliary processing sub-zones Z-2A
62 and Z-2B 63. Each of the two (S/L) medium zones
has multivoid heat conductive plates Z-3A 64 and Z-3B
65 and vapor handling sub-zones Z-4A 66 and Z-4B 67.
The (S/L) medium is contained within the conduits 64q,
652 of the multivoid plates. There are first vapor valves
68A, 68B for Z-2A and Z-2B; there are first vapor
valves 69A, 69B for Z-4A and Z-4B; there are second
vapor valves 70A, 70B for Z-1A and Z-1B; there are
second vapor valves 71A, 71B for Z-4A and Z-4B.

In-situ freezing and melting take place cyclically and
alternately in the two primary processing sub-zones,
and melting and solidification of the (S/L) medium take
place in the two sets of multivoid plates in Z-3A and
Z-3B. Under the condition illustrated by FIG. 8, a feed
solution is applied in Z-1A and an auxiliary medium is
applied in Z-2A to thereby form a smooth layer of sol-
vent solid in Z-1A 60 and generate a first vapor in Z-2A,
62. With vapor valves 68a, 692 of sub-zones Z-2A and
Z-4A opens and vapor valves 70z and 71a of sub-zones
Z-1A and Z-4A closed, the first vapor V4 generated in
- Z-2A passes through the first vapor passage and enters
Z-4A sub-zone and desublimes or condenses therein.
The (S/L) medium in Z-3A sub-zone is melted to re-
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move heat from the first vapor. The (S/L) medium in
Z-3B sub-zone is pressurized to raise its melting temper-
ature and a mass of solvent liquid is applied in Z-4B
sub-zone to thereby generate second vapor. With valves
700, 71b on sub-zones Z-1B and Z-4B open and valves
680 and 696 of sub-zones Z-2B and Z-4B closed, the
second vapor Vy4; enters Z-1B sub-zone to melt the
purified solvent solid formed during the first primary
step of the preceding -cycle.

FI1G. 9 illustrates a Class 6 system. In this system, the
first vapor 1s subjected to a temperature lifting absorp-
tion operation and the heat of absorption is utilized to
generate the second vapor to be used in the third pri-
mary step. The system also utilizes a freezing point
adjusted solution, an FPA solution, to serve as the auxil-
iary medium. The system comprises an enclosure 72
that encloses the following zones:

(a) Three main processing zones 73A, 73B and 73C
containing three primary processing zones Z-1A
74A, Z-1B 74B and Z-1C 74C, and auxiliary pro-
cessing zones, Z-2A 75A, Z-2B 75B, and Z-2C
75C;

(b) Means of feeding 76A, 76B, 76C feed liquid Lo
Into the primary processing zones, valving means
T7TA, T7B, 77C for controlling the feeding, opening
78A, 78B, 78C for discharging the primary liquid
L.19, means for feeding 79A, 79B, 79C the auxiliary
medium into the auxiliary processing zones, valv-
ing means 80A, 80B, 80C for controlling the feed-
ing of the auxiliary medium, vapor flow controlling
valves 81A, 81B, 81C for controlling the flow of
second vapor mto the three primary processing
ZOnes.

(c) A vapor handling zone comprising a temperature
lifting first vapor absorption zone 82, Z-3, and a
second vapor generation zone 83, Z-4, means for
feeding 84 a first absorbing solution Jo3 into Z-3,
means of feeding 85 a solvent stream L4 into Z-4,
openings for discharging 86 the primary liquid Lsg
from Z-4.

(d) An auxiliary heat rejection zone 87, Z-5, a spray-
ing means 88 for feeding a second absorbing solu-
tion Jos into Z-5, and an auxiliary cooling coil 89
for removing heat of absorption from Z-5.

(e) A first vapor passage 90 for transferring the first
vapor Va3 from Z-2 to Z-3 and a second vapor
passage 91 for transferring the second vapor Vg
from Z-4 to Z-1.

The operations in the three main processing zones are
staggered and the operations in Z-3, Z-4 and Z-5 are
continuous. Under the conditions illustrated by FIG. 9,
the following operations take place in the processing
ZONeSs:

(a) The vapor valves 81A, 81C of Z-1A and Z-1C are
closed and the vapor valve 81B of Z-1B is open.
Feed liquid Ly 1s added through valves 77A and
77C and feeding means 76A and 76C into Z-1A
74A and Z-1C 74C and excess primary liquid Ljpis
discharged through openings 78A and 78C. Auxil-
lary medium By, is admitted through valve 80A
and 80C and feeding means 79A and 79C into Z-2A.
and Z-2C. The auxihary medium vaporizes to form
a first vapor stream V3 in Z-2A and Z-2C and
forms a concentrated auxiliary medium Big. Water
is added to Bagand recycled as Bgs. Smooth solvent
solid layers are formed in Z-1A and Z-1C.

(b) A first absorbing solution Jo3 is admitted through
the feeding means 84 to form thin absorbing solu-
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tion films in Z-3. A solvent stream Lqs is admitted
through feeding means 85 to form thin films in Z-4.
The first vapor Va3 enters Z-3 and is subjected to
temperature lifting absorbing operation. The heat
of absorption is transmitted to the solvent liquid
film in Z-4 to thereby generate a stream of second
vapor, V41 and Vy4s. The diluted absorbing solution
J301s reconstituted by an evaporation operation and
returned as Jop3.

(¢) Due to a prior freezing operation, a mass of sol-
vent solid exists on the walls of Z-1B. With vapor
valve 81B open, a major part of the second vapor
V41 enters Z-1B to thereby simultaneously con-
dense the second vapor and melt the solvent solid.
The primary liquid Wi, which contains both the
melt and the condensate is discharged through
opening 78B.

(d) Due to heat leakage and work input to the system,
there i1s an excess second vapor V45 that has to be
liquified. One way is to absorb the excess second
vapor into the second absorbing solution Jgs that is

introduced through the nozzle 88 and the heat of

absorption is removed by a stream of cooling water
that enters the coil 89 as Mgs and discharged as
Mso. The diluted absorbing solution Jsg is reconsti-
tuted by an evaporation or other operations and
returned as Jos.

New heat upgrading heat transfer panels have been
conceived and their uses in purification of dilute solu-
tions are disclosed in the present application. It is noted
that these heat upgrading heat transfer panels have
broad applications such as in air conditioning, chillers
and other refrigerations in general. A heat upgrading
heat transfer panel is also referred to simply as a heat
upgrading panel and also as a HUHT panel. Each
HUHT panel has a thin heat conductive enclosure heav-
ing a first dimension referred to as thickness, a second
dimension referred to as width and a third dimension
referred to as length. A HUHT panel is made either by
two sheets of heat conductive material or by folding a
long piece into two walls separated a short distance

apart. A HUHT panel has an internal region inside of

the enclosure, and the internal region is divided into a
first mnternal region and a second internal region. In use,
an auxiliary medium and an absorbing solution are ap-
plied as thin films to the two internal regions alter-
nately, so that a stream of first vapor is generated in one
region and the first vapor moves to the other region to
be subjected to a temperature lifting first vapor absorp-
tion operation. The region outside of the first vapor
generation region becomes a cooling region; the region
outside of the absorption region becomes a heated re-
gion. A panel may be divided into two internal regions
in the thickness direction or in a second direction that is
perpendicular to the thickness direction, normally re-
ferred to as the width direction. A Type-A HUHT
panel refers to a panel in which the division is in the
width direction; a Type-B HUHT panel refers to a
panel in which the division is in the thickness direction.
A barrier 1s used to separate the internal region into two
internal regions and thereby keep the two liquid
streams, viz. the auxiliary medium and the absorbing
solution, separated while allowing the first vapor to
pass through. In a Type B panel, the first vapor passes
through a very short distance in the thickness direction
through a very large cross sectional area. The thickness
of a Type B panel can be pretty thin. In a Type A panel,
the first vapor passes through the width direction.
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Therefore, the thickness of the panel has to be properly
selected to minimize the pressure drop.

FIGS. 10 and 11 respectively illustrate Class 6A and
Class 6B systems. Type A HUHT panels are used in a
Class 6A system and Type B HUHT panels are used in
a Class B system. Operations of these two classes of
systems are quite similar to those described for the Class
6 system.

FIG. 10 illustrates a Class 6A system having an enclo-
sure 92 and three Type A HUHT panels 93A, 93B and
93C. The internal regions of panels are separated by
internal liquid separating barriers 94 into the first inter-
nal regions 95A, 95B and 95C and the second internal
regions 96A, 96B and 96C. The regions outside of the
panels are also separated by external barriers 97 into the
first external regions 98 and the second external regions
99.

Functionally, there are four zones in the system: (a)
crystal forming zone, denoted as Z-CR, (b) crystal melt-
ing zone, denoted as Z-MT, (c) an auxiliary medium
zone which is also a heat removal zone, denoted as Z-B,
and (d) a temperature lifting {irst vapor absorption zone
which 1s also a heat supplying zone, denoted as Z-J. The
auxiliary sub-zones in the three panels are denoted as
Z-Bl, Z-B2 and Z-B3 and the temperature lifting ab-
sorption sub-zones in the three panels are denoted as
Z-J1, Z-J2 and Z-J3.

The system undergoes a cyclic process and a cycle
comprises a first main period, a first intermission period,
a second main period and a second intermission period.
During the two main periods, the in-situ crystal forma-
tion and the in-situ crystal melting steps take place si-
multaneously and alternately in the first external region
and the second external region and generation of first
vapor and absorption of the first vapor also take place
simultaneously and alternately in the first internal re-
gion and the second internal region. FIG. 10A illus-
trates the condition of the system during the first main
period; FIG. 19B illustrates the condition of the system
during the second main period. Referring to FIG. 10A,
during the first main period, the first external region 98
serves as the crystal formation zone, the second external
region serves as the crystal melting zone, the first inter-
nal region serves as the auxiliary medium region in
which the first vapor is generated and the second inter-
nal region serves as the temperature lifting vapor ab-
sorption zone. Heat released in crystal formation in
Z-CR is removed by generation of first vapor in Z-Bl,
Z-B2 and Z-B3 of the three panels; the first vapor 1s
absorbed into an absorbing solution in Z-J1, Z-J2 and
Z-J3 in the three panels; the heat released in the absorp-
tion operation is utilized in melting the crystals. During
this period, feed is added to Z-CR and a mass of solvent
liquid 1s applied to Z-MT. Since once a thin layer of
solvent solid is melted, the solvent solid is separated
from the external panel surface in Z-MT zone, direct
heat transfer between the panel and the solvent solid
ceases. Therefore, the heat is transferred by generating
a stream of second vapor that gets in contact with the
solvent solid to accomplish the melting. The condition
of the system during the second main period is illus-
trated in FIG. 10B. During this period, the second ex-
ternal region becomes the crystal melting zone, the first
external region becomes the crystal formation zone, the
second Internal region becomes the auxiliary medium
zone and the first internal region becomes the tempera-
ture lifting vapor absorption zone. The operations tak-
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ing place in these regions are the same as those de-
scribed during the first main period.

FIG. 12 illustrates a Class 6B system having an enclo-
sure 92 and three Type B HUHT panels 93A, 93B and
93C. The internal regions of the panels are separated by
mnternal liquid separating barriers 94 that are placed
half-way in the thickness direction into the first internal
regions 95A, 95B, 95C and the second internal regions
96A, 96B, 96C. The regions outside the panels are also

separated by external barriers 97 or by close fitting of 10

the panels against the enclosure walls into a first exter-
nal region 98 and a second external region 99. The
operations of Class 6B systems are the same as those of
the Class 6A system. Therefore, equivalent parts are
given same designation numbers, so that the structures
and operations described for Class 6A system can be
applied aiso to the Class 6B system.

It 1s noted that the first vapor generated in the Class
6B system travels a very short distance through a large
cross sectional area. Therefore, the pressure drop is
very small. The thickness of a Type B HUHT panel can
be made rather thin, say less than 0.5 inch or even less
than 0.25 inch. This makes it possible to manufacture a
very compact in-situ freezer-melter.

It is noted that the use of temperature lifting first
vapor absorption approach can be applied to any type
of first vapor and the heat of absorption is thereby uti-
lized in generating a stream of super-triple point vapor
to be used in the third primary step. The use of a tem-
perature lifting absorption step eliminates the need for a
mechanical compressor. The use of the temperature
lifting first vapor absorption approach is not limited to
processing a sub-triple point first vapor. It is useful even
when the first vapor is a super-triple point vapor or a
vapor mixture. The first vapor may be a low pressure
vapor or even a high pressure vapor.

For example, in the Class 6, 6A and 6B systems, one
may also use a low vapor pressure substance such as
ethanol, methanol, acetone and propanol as the auxil-
iary medium to remove the latent heat released in the
first primary step to thereby generate a first vapor and
subject the first vapor to a temperature lifting first
vapor absorption by absorbing it into a low volatility
absorbing medium such as a hydrocarbon or a mixture
of hydrocarbons and utilize the heat of absorption to
generate the second vapor needed in the third primary
step.

There are other applications for the heat upgrading
heat transfer panels besides the applications described.
In many cases, these HUHT panels can be operated
continuously. Some applications are air conditioning,
hiquid chilling, refrigeration, and vapor pressure en-
hancing. Referring to FIGS. 10A and 11A, and by in-
troducing B-solution into Z-B1, Z-B2 and Z-B3 regions
and introducing J-solution to Z-J1, Z-J2 and Z-J3 re-
gions, heat is removed from the Z-CR region continu-
ously and heat is rejected to Z-MT region continuously.
Therefore, the units can be used as heat pumps. Each
one of them can, therefore, be used as a refrigerator, a
liquid chiller, or an air conditioner. By introducing a
first vapor of a first substance under a first pressure and
a first condensing temperature into the Z-CR region
and introducing a mass of volatile liquid of a second
substance in the Z-MT region, the first vapor can be
condensed at the first temperature and a second vapor
can be generated at a second temperature that is higher
than the first temperature. When the second substance
and the first substance are the same substance, than the
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second pressure 1s higher than the first pressure. The
unit then becomes a vapor pressure enhancer and per-
forms a function that is similar to that of a mechanical
COmMpressor.

Key features and advantages of the processes of the
present invention are summarized as follows:
1. Universal Pollutant Removal

One of the unique feature is its ability to remove
almost all of the pollutants from waste water. This fea-
ture 1s referred to as “Universal pollutant removal.”
The processes can remove the following pollutants:

(a) Toxic dissolved gases, such as hydrogen sulfide;

(b) Volatile organics, such as benzene, toluene, and

dichloroethane:

(¢) Low volatility organics;

(d) Dissolved salts, acids, alkalines and heavy metals:

(e) Finely suspended and colloidal solid particles.

In each process, dissolved solute are rejected from
the smooth layer of ice due to the low solubilities of the
solutes into the solid ice phase and suspended liquid
droplets and/or suspended particulates are washed
down due to the agitation of liquid near the solid-liquid
interface at the freezing front. Similar features apply to
processing of non-aqueous mixtures.

2. High Degree Separation

The solubilities of most solutes in ice are very small.
Therefore, the product quality depends only on how
well mother liquor is separated from ice. Due to the
formation of a smooth ice layer, there is only a thin
mother liquor layer retained on the ice surface. It is a
relatively simple operation to wash away the thin layer
of mother liquor. There is no need for an elaborate wash
column as is the case in other freezing processes.

3. High Degree Concentration

Since the feed solution is a dilute solution, a large
fraction of the feed can be transformed into solvent
solid. Therefore, all the contaminants can be concen-
trated into a small mass for easy disposal or value recov-
ery. For example, a dilute aqueous stream with organics
can be processed to produce a large amount of reusable
water and a small mass of concentrate. The concentrate
can be economically disposed by wet oxidation or by
incineration. A valuable product may be recovered
from the concentrate.

4. Unique Auxiliary Heat Interaction Mediums

The present invention has introduced the following
novel auxiliary heat interaction mediums:

(a) Freezing Point Adjusted Solutions,

(b) Low Vapor Pressure Mediums,

(c) High Vapor Pressure Mediums,

(d) Solid-Liquid Transformation Mediums.

Upon receiving heat, these mediums undergo (a)
melting, (b) vaporization, (c) desorption, and (d) simple
temperature rise. These transformations are collectively
referred to as endothermic transformations.

5. High Rate Primary steps

Rate of conducting the first primary step is enhanced
by formation of only a thin layer of solvent solid, while
the liquid near the freezing front is well agitated; rate of
conducting the third primary step is enhanced by layer
direct contact melting of the solvent solid layer by a
stream of super-triple point vapor from the outer sur-
face toward the supporting surface.

6. Low Cost Freezer Surface

Since the pressure difference between the primary
zone and the auxiliary zone is small in most cases, the
freezer surface can be made of a thin layer of heat con-
ductive material, including metals and plastics. There-
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fore, the cost per unit area of the freezer surface is very
low. Therefore, one can afford to operate at a small
driving force for heat transfer.

7. Unique Ways of Upgrading Heat

Depending on the auxiliary medium used, unique
ways of upgrading heat energy have been incorporated.
These are (a) two stage liquefaction of a sub-triple point
vapor, (b) temperature lifting first vapor absorption, (c)
coupling of a refrigeration loop with the use of a low
vapor pressure auxiliary medium, (d) direct compres-
sion of a high vapor pressure auxiliary medium, and (e)
use of a (S/L) medium.

8. Low Operating Cost

Since small driving forces are being used in all the
primary steps and the auxiliary steps, the power con-
sumption is low.

9. Heat Upgrading Heat Transfer Panels

Unique heat upgrading heat transfer panels have been
introduced. These panels have broad fields of applica-
tions. When they are adapted in the present processes,
the equipment costs are greatly reduced.

What 1s claimed are as follows:

1. A process of separating a mixture containing a
crystallizable solvent, denoted as A-component, and
one or more non-solvent components, dissolved and/or
suspended, individually denoted as serious Bi, By, —,
and B and coliectively denoted as B-components, into
a first product that is purified solvent and a second
product enriched with the non-solvent components by
subjecting a mass of the feed mixture to a cyclic opera-
tion and each cycle comprises:

(1) A first primary step of applying a mass of liquid
derived from the feed on a set of solid surfaces,
referred to as solidification surfaces, in a primary
processing zone and removing heat from the pri-
mary processing zone to thereby form a layer of
solvent solid from the liquid on each of the set of
the solidification surfaces, thereby forming a solid-
liquid interface, while agitating the liquid near the
solid-liquid interface, and discharging a mass of
liquid from the primary zone as the second prod-
uct;

(2) A second primary step of separating the liquid
from the layer of the solvent solid on each of the
solidification surfaces: and

(3) A third primary step of bringing a stream of super-
triple point solvent vapor whose pressure is some-
what higher than the triple point pressure of the
solvent in contact with the solvent solid to thereby
simultaneously melt the solvent solid and condense
the super-triple point solvent vapor and thereby
produce a mass of purified solvent liquid, a major
fraction of the purified solvent liquid constituting
the first product;

(4) A first auxiliary step of subjecting an auxiliary
heat auxihary processing zone and establishing a
heat interaction between the primary processing
zone interaction medium to an endothermic trans-
formation in an and the auxiliary processing zone
to thereby transfer the heat released in the first
primary step to supply the heat used in the first
auxiliary step.

2. A process of claim 1, wherein the feed is an aque-

ous mixture and the solvent is water.

3. A process of claim 1, wherein the feed is a non-
aqueous mixture and the solvent is a non-aqueous sub-
stance.
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4. A process of claim 1, wherein there are a set of heat
conductive walls separating the primary zone from the
auxiliary zone and the heat interaction is indirect so that
the heat released in the first primary step in the primary
zone passes through the heat conductive walls to induce
the endothermic transformation of the auxiliary me-
dium in the auxiliary processing zone.

S. A process of claim 1, wherein the auxiliary zone is
directly connected to the primary zone, and a portion of
the feed liquid serves as the auxiliary medium and is
vaporized to generate a first vapor and remove the heat
released in the first primary step.

6. A process of claim 4, wherein the auxiliary medium
is subjected to a vaporization operation to generate a
first vapor.

7. A process of claim 6, wherein the first vapor is
subjected to a temperature lifting absorption operation
thereby the first vapor is absorbed into an absorbing
solution of such a composition that the absorption takes
place at a temperature higher than the melting tempera-
ture of the solvent solid and the heat of absorption is
utilized to generate a second vapor which becomes the
super-triple point vapor that is used in conducting the
third primary step.

8. A process of claim 6, wherein the auxiliary medium
used 1s a solution, denoted as an FPA medium, contain-
ing the solvent of the feed mixture and one or more
solutes of such concentrations that the solution can be
vaporized at a temperature lower than the temperature
of the first primary step without freezing the solution,
and during a first primary step, the FPA medium is
vaporized to generate a first vapor whose pressure is
lower than the triple point pressure of the solvent.

9. A process of claim 8, wherein the first vapor is
transformed into a liquid mass by a two stage operation
involving (a) desublimation of the first vapor to form a
mass of desublimate and (b) melting the desublimate.

10. A process of claim 8, wherein the first vapor is
subjected to a temperature lifting absorption operation
thereby the first vapor is absorbed into an absorbing
solution of such a composition that the absorption takes
place at a temperature higher than the melting tempera-
ture of the solvent solid and the heat of absorption is
utilized to generate a second vapor which becomes the
super-triple point vapor that 1s used in conducting the
third primary step.

11. A process of claim 6, wherein the auxiliary me-
dium used 1s a substance or a mixture of substances that
vaporizes under a pressure lower than 100 torrs to gen-
erate a first vapor and remove the heat released in the
first primary step and the first vapor is transformable
into a liquid mass by a simple condensation operation.

12. A process of claim 11, wherein a major compo-
nent of the auxiliary medium used is chosen from etha-
nol, methanol, acetone and propanol.

13. A process of claim 11, wherein the first vapor is
transformed into a liquid mass by a simple condensation
operation.

14. A process of claim 11, wherein the first vapor is
subjected to a temperature lifting absorption operation
thereby the first vapor is absorbed into an absorbing
solution of such a composition that the absorption takes
place at a temperature higher than the melting tempera-
ture of the solvent solid and the heat of absorption is
utilized to generate a second vapor which becomes the
super-triple point vapor that is used in conducting the
third primary step.
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15. A process of claim 6, wherein the auxiliary me-
dium used 1s a substance or a mixture of substances that
vaporizes under a pressure higher than 50 torrs to gen-
erate a first vapor and remove the heat released in the
first primary step and the first vapor is directly com-
pressed and the compressed vapor is condensed to gen-
erate the super-triple point solvent vapor used in the
third primary step.

16. A process of claim 4, wherein the auxiliary me-
dium denoted as an S/L-type medium, melts under a
first temperature and under a first pressure to remove
the heat released in the first primary step and solidifies
under a second temperature under a second pressure to
generate the super-triple point vapor used in the third
primary step.

17. A process of claim 6, wherein the first vapor is
brought into an indirect contact heat interaction with
another auxiliary medium, denoted as an S/L-type me-
dium, to thereby melt the medium under a first tempera-
ture and a first pressure and the S/L-type medium is
sohidified under a second temperature and second pres-
sure to generate the super-triple point vapor used in the
third primary step.

18. A process of claim 4, wherein each of the set of

heat conductive walls separating the primary process-
ing zone and the auxiliary processing zone is substan-
tially vertical wall having a first surface and a second
surface, the two sides across the wall and bounded by
the two surfaces being respectively denoted as the first-
side and the second-side, and during the first primary
step, a mass of liquid derived from the feed is applied on
the first side of the wall to form a first liquid film and a
mass of auxihiary medium is applied on the second side
of the wall to form a second liquid film and thereby
induce the heat interaction between the two zones and
form a layer of solvent solid on the first surface and
subject the auxiliary medium to the endothermic trans-
formation.

19. A process of claim 18, wherein the auxiliary me-
dium 1s subjected to a vaporization operation to gener-
ate a first vapor.

20. A process of claim 19, wherein the first vapor is
subjected to a temperature lifting absorption operation
thereby the first vapor is absorbed into an absorbing
solution of such a composition that the absorption takes
place at a temperature higher than the melting tempera-
ture of the solvent solid and the heat of absorption is
utilized to generate a second vapor which becomes the
super-triple point vapor that is used in conducting the
third primary step.

21. A process of claim 20, wherein the process is
conducted in a system that is divided by a set of panel
enclosures made of heat conductive walls into an inter-
nal region that is within the enclosures and an external
region that 1s outside of enclosures, the internal region
being further divided into a first internal region and a
second internal region, the external region being also
divided into a first external region and a second external
region that are respectively in heat interaction relations
with the first internal region and the second internal
region through the heat conductive walls, and the pro-
cess 1s conducted cyclically and each cycle comprises a
first main period, a first transition period, a second main
period and a second transition period, the process dur-
ing the first main period comprises:

(a) Step 1 of conducting a first primary step of form-

ing a mass of solvent solid in the first external re-

gion;
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(b) Step 2 of conducting a first auxiliary step of va-
porizing a mass of the auxiliary medium in the first
internal region to thereby generate a stream of first
vapor;

(c) Step 3 of subjecting the first vapor to the tempera-
ture lifting first vapor absorption in the second
internal region;

(d) Step 4 of generating a stream of second vapor
which 1s the super-triple point vapor used in the
third primary step in the second external region;
the heat generated in Step 1 being used to supply
the heat needed in Step 2, the heat generated in
Step 3 being used to supply the heat needed in Step
4, the first vapor being transferred from the first
internal region to the second internal region,

the process during the second main period comprises:

(a) Step 1 of conducting a first primary step of form-
ing a mass of solvent solid in the second external
region;

(b) Step 2 of conducting a first auxiliary step of va-
porizing a mass of the auxiliary medium in the
second internal region to thereby generate a stream
of first vapor;

(c) Step 3 of subjecting the first vapor to the tempera-
ture lifting first vapor absorption in the first inter-
nal region;

(d) Step 4 of generating a stream of second vapor
which is the super-triple point vapor used in the
third primary step in the first external region;

the heat generated in Step 1 being used to supply the
heat needed in Step 2, the heat generated in Step 3 being
used to supply the heat needed in Step 4, the first vapor
being transferred from the second internal region to the
first internal region.

22. A process of claim 21, wherein each of the panel
enclosure comprises two heat conductive walls spaced
a distance apart, the enclosure having a thickness direc-
tion that 1s perpendicular to the walls, a width direction
and a length direction that are perpendicular to each
other and are perpendicular to the thickness direction,
the interior of each enclosure being divided in the width
direction into a first internal region and a second inter-
nal region.

23. A process of claim 21, wherein each of the panel
enclosure comprises two heat conductive walls spaced
a distance apart, the enclosure having a thickness direc-
tion that is perpendicular to the walls, a width direction
and a length direction that are perpendicular to each
other and are perpendicular to the thickness direction,
the mterior of each enclosure being divided in the thick-
ness direction into a first internal region and a second
internal region.

24. A process of claim 19, wherein the auxiliary me-
dium used 1s a solution, denoted as an FPA medium,
containing the solvent of the feed mixture and one or
more solutes of such concentrations that the solution
can be vaporized at a temperature lower than the tem-
perature of the first primary step without freezing the
solution, and during the first primary step, the FPA
medium is vaporized to generate a first vapor whose
pressure 1S lower than the triple point pressure of the
solvent.

25. A process of claim 24, wherein the first vapor is
transformed into a liquid mass by a two stage operation
involving (a) desublimation of the first vapor to form a
mass of desublimate and (b) melting the desublimate.

26. A process of claim 24, wherein the first vapor is
subjected to a temperature lifting absorption operation
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thereby the first vapor is absorbed into an absorbing
solution of such a composition that the absorption takes
place at a temperature higher than the melting tempera-
ture of the solvent solid and the heat of absorption is
utilized to generate a second vapor which becomes the
super-triple point vapor that is used in conducting the
third primary step.

27. A process of claim 19, wherein the auxiliary me-
dium used 1s a substance or a mixture of substances that
vaporizes under a pressure lower than 100 torrs to gen-
erate a first vapor and remove the heat released in the
first primary step and the first vapor is transformable
into a liquid mass by a simple condensation operation.

28. A process of claim 27, wherein a major compo-
nent the auxtliary medium used is chosen from ethanol,
methanol, acetone and propanol.

29. A process of claim 27, wherein the first vapor is
transtformed into a liquid mass by a simple condensation
operation. |

30. A process of claim 27, wherein the first vapor is
subjected to a temperature lifting absorption operation
thereby the first vapor is absorbed into an absorbing
solution of such a composition that the absorption takes
place at a temperature higher than the melting tempera-
ture of the solvent solid and the heat of absorption is
utilized to generate a second vapor which becomes the
super-tripie point vapor that is used in conducting the
third primary step.

31. A process of claim 19, wherein the auxiliary me-
dium used 1s a substance or a mixture of substances that
vaporizes under a pressure higher than 50 torrs to gen-
erate a first vapor and remove the heat released in the
first primary step and the first vapor is directly com-
pressed and the compressed vapor is condensed to gen-
erate the super-iriple point solvent vapor used in the
third primary step.

32. A process of claim 19, wherein the first vapor is
brought into an indirect contact heat interaction with
another auxiliary medium, denoted as an S/L-type me-
dium, to thereby melt the medium under a first tempera-
ture and a first pressure and the S/L-type medium is
solidified under a second temperature and second pres-
sure to generate the super-triple point vapor used in the
third primary step.

33. An apparatus for separating a mixture containing,
a crystallizable solvent and one or more non-solvent
components, dissolved and/or suspended, into a first
product that 1s purified solvent and a second product
enriched with the non-solvent components by subject-
ing a mass of the feed mixture to a cyclic operation
therein that comprises:

(a) an outer enclosure,

(b) one or more processing zone within the outer

enclosure,

(c) a primary processing zone and an auxiliary pro-
cessing zone within each processing zone,

(d) means for providing heat interaction between the
primary processing zone and the auxiliary process-
ing zone of each processing zone,

(e) means for introducing a mass of liquid derived
from the feed into the primary processing zone,

(f) means of agitating the liquid in the primary pro-
cessing zomne,

(g) means for introducing a mass of an auxiliary heat
interaction medium, also referred to as auxiliary
medium, that undergoes an endothermic transfor-
mation into the auxiliary processing zone,
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(h) a first vapor passage for removing a first vapor
from each auxiliary processing zone,

(1) a second vapor passage for introducing a second
vapor which 1s a super-triple point solvent vapor
whose pressure is somewhat higher than the triple
point pressure of the solvent into each primary
processing zone,

characterized in that the apparatus is operable in cycles
and the operations in each processing zone in each cycle
comprises the following steps: |

(1) a first primary step of applying a mass of liquid
derived from the feed on a set of solid surfaces,
referred to as solidification surfaces, in a primary
processing zone and removing heat from the pri-
mary processing zone to thereby form a layer of
solvent solid from the liquid on each of the set of
the solidification surfaces, thereby forming a solid-
liquid interface, while agitating the liquid near the
solid-liquid interface, and discharging a mass of
liquid from the primary zone as the second prod-
uct:

(2) a first auxiliary step of subjecting an auxiliary heat
interaction medium to a vaporization operation to
thereby generate a first vapor in the auxiliary pro-
cessing zone and establishing a heat interaction
relation between the primary processing zone and
the auxiliary processing zone to thereby transfer
the heat released in the first primary step to supply
the heat used in the first auxiliary step;

(3) a second primary step of separating the liquid
from the layer of the solvent solid on each of the
solidification surfaces; and

(4) a third primary step of bringing a stream of the
super-triple point solvent vapor in contact with the
solvent solid to thereby simultaneously melt the
solvent solid and condense the super-triple point
solvent vapor and thereby produce a mass of puri-
fied solvent liquid, a major fraction of the purified
solvent liquid constituting the first product.

34. An apparatus of claim 33, which comprises a set
of heat conductive walls separating the primary pro-
cessing zone and the auxiliary processing zone, the heat
released in the first primary step passing through the
walls to provide the heat needed in the first auxiliary
step.

35. An apparatus of claim 34, wherein each of the
heat conductive walls is a substantially vertical wall
having a first surface and a second surface, the two sides
across the wall and bounded by the two surfaces being
respectively denoted as the first-side and the second-
side, and during the first primary step, a mass of liquid
derived from the feed is applied on the first side of the
wall to form a first liquid film and a mass of auxiliary
medium is applied on the second side of the wall to form
a second liquid film and thereby induce the heat interac-
tion between the two zones and form a layer of solvent
solid on the first surface and generate the first vapor in
the second side.

36. An apparatus of each of claims 33, 34 or 35, which
further comprises:

(f) a second auxiliary processing zone in each process-
ing zone that is in vapor communication with the
first auxiliary processing zone,

(g) a third auxiliary processing zone in each process-
ing zone that 1s in vapor communication with the
primary processing zone,



J,388,414

27

(h) a set of heat conductive walls separating the sec-
ond auxiliary processing zone from the third auxil-
1ary processing zone,

(1) means of introducing an absorbing solution to the
second auxiliary zone,

() means of applying a mass of solvent liquid to the
third auxiliary zone,

and 1s further characterized in that the operations fur-
ther comprises:

(5) a fifth step of absorbing the first vapor generated
in the first auxiliary zones into an absorbing solu-
tion at a temperature somewhat higher than the
melting temperature of the solvent, and

(6) a sixth step of generating a stream of second vapor
which becomes the super-triple point vapor used in
the third primary step,

the heat released in the fifth step being transmitted
through the partitioning walls and being used in the
sixth step.

37. An apparatus of claim 36, which comprises a set
of enclosures made of heat conductive walls into an
internal region that is within the enclosures and an ex-
ternal region that is outside of enclosures, the internal
region being further divided into a first internal region
and a second internal region, the external region being
also divided into a first external region and a second
external region that are respectively in heat interaction
relations with the first internal region and the second
internal region through the heat conductive walls, and
the process is conducted cyclically and each cycle com-
prises a first main period, a first transition period, a
second main period and a second transition period, the
process during the first main period comprises:

(a) Step 1 of conducting a first primary step of form-

- 1ng a mass of solvent solid in the first external re-
gion;

(b) Step 2 of conducting a first auxiliary step of va-
porizing a mass of the auxiliary medium in.the first
internal region to thereby generate a stream of first
vVapor;

(c) Step 3 of subjecting the first vapor to the tempera-
ture lifting first vapor absorption in the second
internal region;

(d) Step 4 of generating a stream of second vapor
which 1s the super-triple point vapor used in the
third primary step in the second external region;

the heat generated in Step 1 being used to supply the
heat needed in Step 2, the heat generated in Step 3 being
used to supply the heat needed in Step 4, the first vapor
being transferred from the first internal region to the
second internal region;

the process during the second main period comprises:

(a) Step 1 of conducting a first primary step of form-
ing a mass of solvent solid in the second external
region;

(b) Step 2 of conducting a first auxiliary step of va-
porizing a mass of the auxiliary medium in the
second internal region to thereby generate a stream
of first vapor;

(c) Step 3 of subjecting the first vapor to the tempera-
ture lifting first vapor absorption in the first inter-
nal region;

(d) Step 4 of generating a stream of second vapor
which 1s the super-triple point vapor used in the
third primary step in the first external region;

the heat generated in Step 1 being used to supply the
heat needed in Step 2, the heat generated in Step 3 being
used to supply the heat needed in Step 4, the first vapor
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being transferred from the second internal region to the
first internal region.

38. An apparatus of claim 37, wherein each of the
enclosure comprises two heat conductive walls spaced
a distance apart, the enclosure having a thickness direc-
tion that is perpendicular to the walls, a width direction
and a length direction that are perpendicular to each
other and are perpendicular to the thickness direction,
the mterior of each enclosure being divided in the width
direction 1nto a first internal region and a second inter-
nal region.

39. A process of claim 37, wherein each of the enclo-
sure comprises two heat conductive walls spaced a
distance apart, the enclosure having a thickness direc-
tion that is perpendicular to the wails, a width direction
and a length direction that are perpendicular to each

‘other and are perpendicular to the thickness direction,

the interior of each enclosure being divided in the thick-
ness direction into a first internal region and a second
internal region.

40. An apparatus of each of claims 33, 34 or 35, which
further comprises a refrigeration loop that removes heat
from the first vapor to transform the vapor into a con-
densed mass, upgrade the heat and supply heat to a mass
of solvent liquid to generate the super-triple point vapor
needed in the third primary step.

41. An apparatus of each of claims 33, 34 or 35, which
further comprises:

(a) a compressor that compresses the first vapor of
the auxiliary medium to thereby raise its condensa-
tion temperature, and

(b) a heat exchanger that condenses the compressed
auxiliary medium vapor and generate the super-tri-
ple point solvent vapor. |

42. An apparatus of each of claims 33, 34 or 35, which

further comprises:

(a) a heat exchanger containing a second auxiliary

medium,
and 1s further characterized in that the apparatus is
operable in conducting the following steps:

(1) melting the second auxiliary medium under a first
temperature and a first pressure to remove heat
from the first vapor to thereby transform the first
vapor 1nto a condensed mass, and

(2) solidify the second auxiliary medium under a sec-
ond temperature and a second pressure to supply
heat in generating the super-triple point solvent
vapor.

43. A process of upgrading heat energy for removing
heat from a first substance at a first temperature and
supplying heat to a second substance at a second tem-
perature that 1s higher than the first temperature,
wherein the process is conducted in a system that is
divided by a set of panel enclosures made of heat con-
ductive walls into an internal region that is within the
enclosures and an external region that is outside of en-
closures, the internal region being further divided into a
first internal region and a second internal region, the
external region being also divided into a first external
region and a second external region that are respec-
tively in heat interaction relations with the first internal
region and the second internal region through the heat
conductive walls, each panel enclosure comprising two
heat conductive walls spaced a short distance apart, and
the process comprises:

(a) Step 1 of introducing a mass of the first substance

at the first temperature into the first external re-

g101;
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(b) Step 2 of vaporizing a mass of a first auxiliary
medium in the first internal region to thereby gen-
erate a stream of first vapor and remove heat from
the first substance in the first external region
through the heat conducting walls;

(c) Step 3 of introducing a mass of the second sub-
stance at the second temperature into the second
external region;

(d) Step 4 of absorbing the first vapor into an absorb-
ing solution of such a composition that the absorb-

Ing temperature is higher than the second tempera-
ture and transmitting the heat of absorption
through the heat conducting walls to the second
substance in the second external region.

44. A process of claim 43, wherein the enclosure
having a thickness direction that is perpendicular to the
walls, a width direction and a length direction that are
perpendicular to each other and are perpendicular to
the thickness direction, the interior of each enclosure
being divided in the width direction into a first internal
region and a second internal region.

45. A process of claim 43, wherein the enclosure
having a thickness direction that is perpendicular to the
walls, a width direction and a length direction that are
perpendicular to each other and are perpendicular to
the thickness direction, the interior of each enclosure
being divided in the thickness direction into a first inter-
nal region and a second internal region.

46. A process of claim 43, wherein the first substance
enters as a vapor and is discharged as a liquid mass.

47. A process of claim 43, wherein the first substance
1s subjected to a condensation operation under a first
pressure and the second substance is subjected to a
vaporization operation under a second pressure.

48. A process of claim 46, wherein the first substance
and the second substance are the same substance and the
second pressure is substantially higher than the first
pressure.

49. A process of claim 43, wherein the first substance
enters as a liquid mass and is chilled.

50. A process of claim 43, wherein the first substance
enters as a gas and is thereby chilled.

51. An apparatus for upgrading heat energy by re-
moving heat from a first substance at a first temperature
and supplying heat to a second substance at a second
temperature that 1s higher than the first temperature
that comprises:

(2) an outer enclosure,

(b) a set of panel enclosures each made of two heat

conductive walls spaced a short distance apart,

(¢c) an internal region that is enclosed within the panel
enclosures,

(d) an external region that is outside of the enclosures,
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the internal region being further divided into a first
internal region and a second internal region, the exter-
nal region being also divided into a first external region
and a second external region that are respectively in
heat interaction relations with the first internal region
and the second internal region through the heat conduc-
tive walls and is characterized in that the apparatus can
be operated to conduct the following steps:

(a) Step 1 of introducing a mass of the first substance
at the first temperature into the first external re-
gion,

(b) Step 2 of vaporizing a mass of a first auxiliary
medium in the first internal region to thereby gen-
erate a stream of first vapor and remove heat from
the first substance in the first external region
through the heat conducting walls,

(c) Step 3 of introducing a mass of the second sub-
stance at the second temperature into the second
external region,

(d) Step 4 of absorbing the first vapor into an absorb-
ing solution of such a composition that the absorb-
ing temperature be higher than the second temper-
ature and transmitting the heat of absorption
through the heat conducting walls to the second
substance in the second external region.

52. An apparatus of claim 51, wherein the enclosure
having a thickness direction that is perpendicular to the
walls, a width direction and a length direction that are
perpendicular to each other and are perpendicular to
the,thickness direction, the interior of each enclosure
being divided in the width direction into a first internal
region and a second internal region.

33. A process of claim 51, wherein the enclosure
having a thickness direction that is perpendicular to the
walls, a width direction and a length direction that are
perpendicular to each other and are perpendicular to
the thickness direction, the interior of each enclosure
being divided in the thickness direction into a first inter-
nal region and a second internal region.

S54. An apparatus of claim 53, wherein the first sub-
stance and the second substance are the same substance
and the second pressure is substantially higher than the
first pressure.

55. An apparatus of claim 51, wherein the first sub-
stance 1s subjected to a condensation operation under a
first pressure and the second substance is subjected to a
vaporization operation under a second pressure.

56. An apparatus of claim 51, wherein the first sub-
stance enters as a vapor and is discharged as a liquid
mass.

57. An apparatus of claim 51, wherein the first sub-
stance enters as a liquid mass and is thereby chilled.

58. An apparatus of claim 51, wherein the first sub-

stance enters as a gas and is thereby chilled.
*x % % % %
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